certain aspects of Eulemur interrelationships as uncertain. ᭧ 1999 The Willi Hennig Society nuclear gene were analyzed to determine the phylogeny Key Words: Strepsirrhini; lemurs; congruence; taxon of the Malagasy primate family Lemuridae. Whether anasampling; combined data analysis. lyzed separately or in combination, the data consistently indicate that Eulemur species comprise a clade that is sister to a Lemur catta plus Hapalemur clade. The genus Varecia is basal to both. Resolution of cladogenic events within Eulemur was found to be extremely problematic with a total of six alternative arrangements offered by
INTRODUCTION various data sets and weighting regimes. We attempt to determine the best arrangement of Eulemur taxa through
The Lemuridae is the most taxonomically diverse of a variety of character and taxon sampling strategies.
the five lemuriform families, all of which are endemic Because our study includes all but one Eulemur species, to the island of Madagascar. At present, 13 subspecies increased taxon sampling is probably not an option for within 10 species and 4 genera are commonly recogenhancing phylogenetic accuracy. We find, however, nized within this family (Mittermeier et al., 1994) . The that the combined genetic data set is more robust to phylogenetic relationships among taxa, however, are changes in taxon sample than are any of the individual not well understood. The lack of understanding does data sets, suggesting that increased character sampling not reflect lack of investigative energy. In fact, over the stabilizes phylogenetic resolution. Nonetheless, due to past decade, this single family has been the subject of the difficult nature of the problem, we may have to accept more systematic scrutiny, by far, than the other six strepsirrhine families combined (Crovella et al., 1993; Crovella and Rumpler, 1992; Eaglen, 1980; Groves and 1988; Stanger-Hall, 1997; Tattersall, 1988 Tattersall, , 1993 ; Tatterbirth and, perhaps as a consequence, the only lemurid to nest infants rather than carry them as do other lesall and Koopman, 1989; Tattersall and Schwartz ,1991; Yoder, 1994) . Interest in lemurid taxonomy lay relamurids. These life history and other anomalies have resulted in a virtually exhaustive number of alternative tively quiescent until 1988, at which time three papers were published, nearly simultaneously, that quesphylogenetic placements for Varecia. The genus has been placed outside of the Lemuridae (Macedonia and tioned previously accepted ideas of both phylogeny and taxonomy (Groves and Eaglen, 1988; Simons and Stanger, 1994; Stanger-Hall, 1997) , basal to other lemurids (Adkins and Honeycutt, 1994; Crovella et al., Rumpler, 1988; Tattersall, 1988) . In particular, the authors of these papers were interested in clarifying the 1995; Yoder, 1994; Yoder et al., 1996b) , sister to Eulemur (Groves and Eaglen, 1988; Groves and Trueman, 1995 ; relationship of Lemur catta (the ring-tailed lemur) to other lemurid species. Following decades of reports Tattersall and Schwartz, 1991) , and unresolved relative to Lemur, Hapalemur, and Eulemur (Crovella et al., 1993; (summarized in Groves and Eaglen, 1988) of special similarities between L. catta and the genus Hapalemur Stanger-Hall and Cunningham, 1998) . Taxonomy that is congruent with phylogeny has (bamboo lemurs), the three papers independently recommended new genus-level taxonomy for Lemur spealways been of importance to phylogenetic systematists. Even so, calls for phylogenetic taxonomy have cies other than L. catta. Prosimia (Tattersall, 1988) , Petterus (Groves and Eaglen, 1988) , and Eulemur (Simons become increasingly precise and well reasoned, both in theory (de Queiroz and Gauthier, 1990 , 1992 and Rumpler, 1988) were the suggested alternatives. As reviewed by Groves and Trueman (1995) , the genus Lee, 1998; Schander and Thollesson, 1995) and in practice (Bryant, 1996; Cantino et al., 1997; Wyss and Meng, Eulemur was ruled by the International Commission on Zoological Nomenclature to be the valid taxon. 1996). Our paper is an attempt to unambiguously resolve lemurid phylogeny as a first step towards estabEulemur has been widely accepted and now permeates the relevant literature. Even so, the phylogenetic lishing a phylogenetic taxonomy for this group of primates. Specifically, we employ a variety of genetic underpinnings for the new taxonomy are not secure. The taxonomy was originally proposed more as a remarkers to assess the relative placement of the genera Eulemur, Lemur, Hapalemur, and Varecia. For those genpository for those species orphaned by the recognition of L. catta/Hapalemur affinities than as a distinct phyloera containing multiple species and/or subspecies, we also wish to confirm their monophyletic status and genetic unit (Simons and Rumpler, 1988) . In other words, these authors did not explicitly address the interrelationships. issue of Eulemur monophyly. Subsequently, numerous studies employing a variety of character sets have investigated the question directly and have found sup-
MATERIALS AND METHODS
port for a Eulemur clade (Crovella et al., 1993; Groves and Trueman, 1995; Macedonia and Stanger, 1994; Stanger-Hall, 1997; Yoder, 1994) . Ironically, however, the relatedness of L. catta to Hapalemur has proven to Tissues (liver, spleen, kidney, muscle) for all study taxa were acquired from animals that died of natural be questionable. Whereas some studies have found support for the sister group relationship of the two causes at the Duke University Primate Center (DUPC). Taxon sampling at the genus level within the Lemuritaxa (Adkins and Honeycutt, 1994; Crovella et al., 1995; Jung et al., 1992; Macedonia and Stanger, 1994; Stanger- dae is exhaustive. Species-level sampling is nearly complete except for the omission of two of three HapaHall and Cunningham, 1998; Yoder et al., 1996a; Yoder et al., 1996b) , others have not (Groves and Trueman, lemur species, H. simus and H. aureus, and one Eulemur species, E. coronatus. Total genomic DNA was extracted 1995; Stanger-Hall, 1997; Tattersall, 1993; Tattersall and Schwartz, 1991 tattersalli (Tattersall's sifaka) outgroup sequences. The D-loop sequences show multiple indels among the dif-(CCT GAA GTA GGA ACC AGA TG). The entire cytochrome oxidase subunit II gene (COII) was amplified ferent taxa compared; resulting gaps were treated as missing data rather than recoded as present/absent and directly sequenced using primers described in Adkins and Honeycutt (1994) . A 1067-bp fragment of exon states at the end of the matrix. The alignment is presented in Appendix 1 and has been deposited in Tree-1 of the interphotoreceptor retinoid binding protein (IRBP) was amplified with primers p141 (CTG GTC BASE. Sequences for all four genes are available from GenBank under the Accession Nos. listed in Table 1 . ATC TCC TAT GAG CCC AGC A) and m1208 (TCA GCA AAG CTG TCG AAG CGC AGG TA) and se-
The branch and bound algorithm in PAUP* 4.0b1 (Swofford, 1998) was employed for parsimony analyquenced with these and two internal primers (p555-CTG GGA GAG AGG TAT GGT GCC GAC AA and sis. For bootstrap tests, 100 replicates were run with the random addition option (one addition replicate per m697-ACG GTG AGG AAG AAG TTG GAT TGG). PCR products were cycle sequenced using a dye-termibootstrap replicate) selected from the heuristic search menu. Parsimony analyses of each individual gene, nator sequencing kit (Applied Biosystems, Foster City, CA) and then analyzed by gel electrophoresis with an and of the combined genetic data set, were conducted with all characters either equally or differentially Applied Biosystems automated DNA sequencer Model 377. Sequences were edited and compiled with Auweighted. In the latter case, characters were weighted according to a priori assumptions of character informatoAssembler 1.3.0 (Applied Biosystems).
The complete gene sequences are the consensus of at tiveness: transversions only for D-loop, transversions weighted 10 times more than transitions for COII and least two different double-stranded PCR amplification reactions for which both strands were sequenced. All cytochrome b, and third positions only (i.e., Class 1 sites) for IRBP. PAUP* was also employed to generate protein-coding sequences (cytochrome b, COII, and IRBP) were easily aligned by eye due to the lack of uncorrected pairwise distance matrices for each gene. These values were considered separately for outgroup insertions and deletions (indels). D-loop sequences Note. Accession nos. marked with an asterisk are from Adkins and Honeycutt (1994) and those marked with a dagger are from Yoder et al. (1996a). to ingroup comparisons (e.g., the distance between Mi-
Branching Inconsistencies within Eulemur crocebus and E. f. rufus), for interspecies comparisons
Although the overall observed congruence among (e.g., the distance between L. catta and Hapalemur), and data sets is gratifying, one still hopes to find a single intersubspecies comparisons (e.g., the distance befully resolved tree that is supported by all of the data. tween Varecia variegata variegata and V. v. rubra) and Such is not the case for this study with respect to are taken to represent a gross estimate of the relative branching patterns within Eulemur. Specifically, the rates of evolution among genetic markers. In other placement of the species E. mongoz and E. rubriventer words, the observation that pairwise distances from varies not only from one data set to another (as in the one marker are higher than those from another is taken comparison of Fig. 1a and Fig. 1e ) but also within data as evidence that the former evolves more rapidly than sets depending on the weighting scheme employed (as the latter. Maximum likelihood trees were also calcuin the comparison of Fig. 1a and Fig. 1b ). Given the lated by heuristic search with PAUP*. For these analyotherwise perfect topological stability of the phylogeny ses, estimation of gamma distribution of variable sites (at least for the mitochondrial data), it might seem and transition/transversion rate ratio (kappa) were alcurious that the placement of these two taxa would be lowed; default settings were maintained for all other so consistently inconsistent. In fact, such patterns imoptions, thus yielding the equivalent of the HKY model ply that internal branches within the Eulemur radiation (Hasegawa et al., 1985) . This model is frequently emare proportionally too short to provide robust resoluployed as it attempts to correct for multiple substitution. To investigate this idea, we combined the data to tions by accounting for differential rates of transitions maximize the potential for internal branch resolution and transversions and by considering nucleotide freand performed both a maximum parsimony and a quencies in estimating the likelihood of specific basemaximum likelihood analysis of the combined data. pair changes (Swofford et al., 1996 , and references Figure 2 , in which branch lengths are drawn proportherein).
tionally, illustrates the results. The phylograms for both analyses confirm the suspicion that internal branches among the four Eulemur species are proportionally
RESULTS AND DISCUSSION
much shorter than other branches. This effect is particularly notable in the maximum likelihood tree (Fig.  2b) . Given that we are interested in discovering the
Congruence Among Markers
one true completely resolved phylogeny, is there anything to be done to overcome the short internal The questions that motivated this study-Is Eulemur branch problem? monophyletic? Do L. catta and Hapalemur form a clade? What is the relative position of Varecia?-are clearly and consistently resolved in the parsimony analyses
Sampling Effects
of the individual genes (Fig. 1) The only consistent exception to these results is seen usually expected for cases in which parsimony is inconsistent due to long-branch attraction). Others have sugin the IRBP trees, neither of which resolve the relative placement of the three primary lineages. Nonetheless, gested that increased sampling, of either characters or taxa, can improve accuracy. Thus, we are left with three it can be appreciated that despite the significantly lower rate of evolution exhibited by this nuclear exon, general approaches to the problem: employing a model of sequence evolution, adding characters, or adding the majority of primary nodes for the Lemuridae are well supported. taxa. The hypothesized advantages of the first alternative (Bull et al., 1993; Huelsenbeck et al., 1996) . If weak and/ or competing resolutions are observed for small data are presumably not applicable given the results presented in Fig. 2b . Moreover, the results of individual sets, and significant heterogeneity is not detected among them, then the probable explanation is samanalysis of each gene are discouraging in that, as with parsimony, different resolutions for Eulemur interrelapling error (i.e., too few characters). Assuming that the phylogenetic method is consistent and appropriate to tionships are recovered for each data set. These results are not illustrated, but are identical to, or are a subset the question, one can expect the analysis to converge on the correct tree as more data are included (Hillis et of, the parsimony results. Thus, even with a more sophisticated algorithm and model of sequence evolual., 1994) . Moreover, empirical studies of mitochondrial data indicate that more power is gained by drawing tion, we find the same branching inconsistencies among data sets as observed with parsimony. small character sets from numerous genes than by drawing the same absolute number of characters from A time-honored solution to phylogenetic deficiency is the addition of characters to the analysis. This topic a single gene or contiguous genetic region (Cao et al., 1994; Cummings et al., 1995) . has received much attention in the simulation literature (e.g., Hillis et al., 1994) , most recently from investigators Accordingly, as with the branch-length test, we combined the four gene-specific data sets into a single data concerned with the issue of combined data analysis ent than with the equally weighted analysis of the same data set. In fact, both trees show unique solutions to Eulemur interrelationships which, when all data sets and weighting schemes are considered, leaves us in the set for parsimony analysis. The results are illustrated in Fig. 3 . When characters are equally weighted, bootstrap uncomfortable position of choosing among six distinct topologies of Eulemur interrelationships. support for virtually every lemurid node is Ն98%-except for those nodes resolving the placement of E.
Before making such a choice, another aspect of analytical design must be considered. The effect of taxon rubriventer and E. mongoz. On the other hand, when characters are differentially weighted according to a sampling on phylogenetic accuracy has become a topic Note. "Lower resolution" defined as multiple EP trees whose strict consensus is less resolved than tree(s) derived from complete taxon sample; "different resolution" defined as tree or trees whose strict consensus differs in hierarchical arrangement of nodes; "identical" defined as hierarchical arrangement of relevant nodes identical to tree(s) derived from complete taxon sample. Top row shows resolution with equal weighting; bottom row shows resolution with differential weighting.
of much investigation and discussion (Graybeal, 1998;  portions of several genes, is better able to consistently Hillis, 1996 Hillis, , 1998 Kim, 1996 Kim, , 1998 Poe, 1998 ; Soltis et resolve the hierarchical order of internal nodes than al., 1998). Specifically, Hillis (1996) and others have are the smaller data sets. Nonetheless, even if the comfound that simply by adding taxa to a parsimony analybined data set is to be preferred, we are still left with sis, seemingly intractable phylogenetic problems can two distinct resolutions of intra-Eulemur relationships. sometimes become tractable. Nuances of sampling If we choose the equally weighted analysis, the conclustrategy and effect have been debated, but Hillis's sion is that E. mongoz is the basal taxon ( Fig. 3a -node (1998) conclusion that "the addition of taxa can have I) with E. rubriventer forming a clade with E. macaco a highly beneficial effect" seems noncontroversial and, (Fig. 3a-node II) . If, on the other hand, we choose the indeed, is consistent with a subset of results from the "best" weighting scheme (described above), then E. Kim (1996) study. The theoretical foundation for Hilmacaco is the basal taxon ( Fig. 3b -node II) with E. lis's assertion rests on the observation that densely mongoz forming a clade with E. fulvus ( Fig. 3b-node I ). sampled phylogenies tend to have proportionally
The power of differential character weighting in parfewer long branches. Given that short internal branches simony analysis has been frequently demonstrated are the likely cause of the Eulemur dilemma, we must (Chippindale and Wiens, 1994; Hillis et al., 1993 ; Miyaask if enhanced taxon sampling could potentially allemoto et al., 1994; Naylor and Brown, 1997; Yoder et al., viate the problem. 1996b) , although arguments for equal weighting are Unfortunately, the answer is "probably not." As menalso compelling (Allard and Carpenter, 1996; Kluge, tioned under Materials and Methods, we have sampled 1997) . Thus, it is difficult to choose a priori between all but one of the extant Eulemur species. Although it the two phylogenies illustrated in Fig. 3 . Given this is conceivable that the addition of this single taxon quandary, a question occurs to us: How do these trees, could improve resolution, it is doubtful that the effects derived from a strictly genetic data set, compare with would be significant. Nonetheless, we can ask if the phylogenies derived from either morphological results from any or all of the data sets are robust to (Groves and Trueman, 1995; Stanger-Hall, 1997) or betaxon sampling. In other words, if we were to severely havioral characters (Macedonia and Stanger, 1994) ? reduce taxon sampling within the Lemuridae, would
The comparison of the published nongenetic trees rethe hierarchical arrangement of nodes be the same as veals considerably more disagreement among them with the complete taxon sample? To investigate this than among the individual gene trees, making it diffiquestion, we removed V. v. rubra, Hapalemur, E. f. albi- cult to choose one as definitive. Even so, as with the frons, E. f. rufus, and E. m. flavifrons from the ingroup genetic data, we wish to include all available data for taxa and ran parsimony analyses, either with both outthe determination of this problematic phylogeny. Congroups or with one removed. Table 2 summarizes the sequently, we combined the nonoverlapping morresults. Only the combined data set, both equally and phological and behavioral characters from the three differentially weighted, was robust to the reduced studies cited above with the combined genetic data taxon sample. This supports the expectation that a larger character sample, particularly one comprising analyzed in Fig. 3 (matrix deposited in TreeBASE).
Again, we conducted equally weighted and differentially weighted analyses. (For the latter, genetic characters were weighted as previously described; genetic and morphological characters were otherwise equally weighted.) The hope was that, regardless of weighting scheme, the combined genetic and morphological signal would converge on the same phylogeny, thereby allowing us to unequivocally choose a single phylogeny. Such was the not the case. For the equally weighted combined genetic, morphological, and behavioral analysis (Fig. 4a) , the hierarchical arrangement of nodes is identical to that in Fig. 3a . Significantly, however, bootstrap support for the placement of nodes I and II increases dramatically: from 53 to 75% for node I (these being the values that support the basal positioning of E. mongoz in this phylogeny) and from Ͻ50 to 93% for node II. For the differentially weighted analysis (Fig.  4b) , node hierarchy again remains stable, although bootstrap support in this case either decreases (from 88 to 66% for node II) or does not change significantly (75 to 72% for node I). The results from the addition of morphological and behavioral characters are puzzling in that the individual analysis of the combined morphological and behavioral characters provides yet another distinct arrangement of Eulemur taxa (((Efc,Emm),Er),Emon) (See Appendix 1 for taxon identification). Although the bootstrap results suggest that the signal from the nongenetic characters is strongly supportive of the equally weighted phylogeny (Fig.  3a) , it also seems that these characters do not signifi- (Fig. 3b) . data taken from Groves and Trueman (1995) , Stanger-Hall (1997), and Macedonia and Stanger (1994) . ( lationships within the genus Eulemur, all of the questions that originally motivated this study have been answered consistently and with robust support: Eulemur describes a clade, L. catta and Hapalemur form a diverse character support, and nearly complete taxon sampling, the lemurids are good candidates for the clade that is sister to Eulemur, and Varecia is basal to both. The results have been confirmed with mitochonderivation of a stable phylogenetic taxonomy. Currently, the majority of significant nodes are named and drial and nuclear DNA data, as well as with a select set of morphological and behavioral characters taken define complete clades. The notable exception is that the Lemur plus Hapalemur node has no designation. We from the literature. Given the strength of the results, the suggest that the results of this study demonstrate the REFERENCES reality of this clade and that it should be appropriately named.
Although the average reader of this journal will have (1996) . On weighting and congruence. Cladistics 12, 183-198. seems that our struggle to resolve this problem has Bryant, H. N. (1996) . Explicitness, stability, and universality in the general implications. Mammalian phylogeny is rife phylogenetic definition and usage of taxon names: A case study of with problematic areas relating to short internal the phylogenetic taxonomy of the Carnivora (Mammalia). Syst. Biol.
branches, many of which cannot be addressed with
